The user has requested enhancement of the downloaded file. We have performed a systematic first-principles investigation to calculate the structural, electronic, and magnetic properties of PbCrO3, CrPbO3 as well as their equiproportional combination. The local density approximation (LDA)+U and the generalized gradient approximation+U theoretical formalisms have been used to account for the strong on-site Coulomb repulsion among the localized Cr 3d electrons. By choosing the Hubbard U parameter around 4 eV, ferromagnetic, and/or antiferromagnetic ground states can be achieved and our calculated lattice constants, bulk moduli, and equation of states are in good agreement with recent experiments [W. Xiao et al., PNAS 107, 14026 (2010)]. The bonding nature of B−O bonds in these ABO3 compounds exhibit evident covalent character and our electron transferring study indicates that the ionicity shows decreasing trend with increasing fraction of CrO 6/2 octahedron within the PbCrO3-CrPbO3 random compounds. The lengthes of B−O bonds determine their lattice parameters, thus, clearly indicates that the abnormally large volume and compressibility is due to the contain of CrPbO3 in the experimental sample and the transition of PbO 6/2 octahedron to CrO 6/2 upon compression.
I. INTRODUCTION
Strongly correlated electron systems of transitionmetal oxides with ABO 3 cubic perovskite or pseudo cubic perovskite structures exhibit particular interesting physical properties. [1] [2] [3] [4] Their ferroelectric, ferromagnetic, ferroelastic, multiferroic, and/or magnetoresistive features originate from the mutual interplay of various degrees of freedom, including lattice, spin, charge and orbital, in their partially filled B site 3d electrons. The stereo chemical characters of the A ion with lone pair electrons, especially for Bi 3+ and Pb 2+ , also play an important role. 5, 6 Correctly describing of their electronic and magnetic structures are critical.
In late 1960s, a few groups [7] [8] [9] [10] [11] [12] successfully synthesized some perovskites containing Cr 4+ (CaCrO 3 , SrCrO 3 , and PbCrO 3 ) under high temperature and high pressure. For PbCrO 3 (PCO), a lattice constant of about 4.00Å for the cubic structure was determined by X-ray diffraction on single crystal and powder samples and powder neutron diffraction [7] [8] [9] . It was reported that the PCO is an antiferromagnetic (AFM) G-type semiconductor with a magnetic moment of ∼1.9 µ B on each Cr ion 7, 8 and with 0.27 eV activation energy. 9 The Neel temperature (T N ) of about 240 K was obtained by examining the magnetic and transport properties. 7, 8 For CaCrO 3 and SrCrO 3 , preliminary structural, magnetic, and conductive properties were also investigated. [10] [11] [12] From then on, in a long period of more than thirty years little works had focused on these systems due to difficulty of synthesis. However, a renewed interest on them has been inspired on their transport and magnetic properties, insulator-metal transition, and pressure behaviors. [13] [14] [15] [16] [17] [18] [19] Anomalous properties of Seebeck coefficient, thermal conductivity, magnetic susceptibility, and room-temperature compressibility have been observed for SrCrO 3 by Zhou et al. They concluded that SrCrO 3 is nonmagnetic (NM) insulator and CaCrO 3 is also an insulator at low temperature. But more recent studies claimed that both these perovskites are AFM metals. 18, 19 An orbital ordering transition from t 1 and electronic phase coexistence of C-AFM tetragonal and NM cubic phases have been discovered in SrCrO 3 . 18 Komarek et al. reported that CaCrO 3 is an intermediately correlated metal with similar C-type AFM ground state. Thus, whether these systems are metallic, strongly correlated, and spin ordered is still controversial.
20,21
Recent experimental works of PCO concentrated on its structure, electron energy loss spectroscopy, magnetic structure, and high pressure phase transition.
13-16 Electron diffraction and high-resolution electron microscopy study revealed that the microstructure of "PbCrO 3 " is a rather complex perovskite with a compositionally modulated a p × 3a p × (14∼18)a p superlattice structure, where a p = 4.002Å is the lattice constant of the cubic PCO perovskite.
13 The magnetic structure of PCO is also complex. Alario-Franco et al. reported AFM ordering of the chromium moments at T N ∼245 K with a spinreorientation at temperature range of 185 K to 62 K and their magnetic hysteresis loops for "PbCrO 3 " suggested weak ferromagnetism at low temperature.
15 Their resistivity measurements indicated two activation energies ranges with 0.11 and 0.26 eV in different temperatures. As for pressure study, recent work performed by Xiao et al. 16 observed a large volume collapse in the isostructural transition of cubic PCO perovskite at ∼1.6 GPa from phase I to phase II. They concluded that the transition seems not related with any change of electronic state, but probably has tight relation with the abnormally large volume and compressibility of the phase I.
The real phase I might be a kind of mixture of PbCrO 3 -CrPbO 3 (PCO-CPO) combination due to the fact that the cubic lattice constant is enlarged if the CrO 6/2 octahedron could be replaced by PbO 6/2 16 . In present study, we focus our sight on cubic perovskites PCO, PCO-CPO, and CrPbO 3 (CPO). Electronic and magnetic properties as well as pressure behaviors have been systematically investigated by the firstprinciples electronic structure calculations based on density functional theory (DFT) and DFT+U schemes due to Dudarev et al. 22 The validity of the ground-state calculation is carefully tested. Our calculated lattice parameter and bulk modulus B are well consistent with previous LDA and GGA results 16 . The total energy, lattice constant, bulk modulus B, and spin moment of Cr ion for NM, ferromagnetic (FM), and AFM phases calculated in wide range of effective Hubbard U parameter are presented and our calculated results for PCO and PCO-CPO within LDA+U with U =3-4 eV accord well with experimental 16 phase II and phase I, respectively. Our calculated spin moment by LDA+U is in good agreement with recent experimental value of 2.51 µ B 15 . Additionally, the P-V relations of PCO and PCO-CPO are calculated to compare with experiment. The bonding nature of A-O and B-O bonds for these three ABO 3 transitionmetal oxides are investigated by performing charge analysis. The rest of this paper is arranged as follows. In Sec. II the computational method is briefly described. In Sec. III we present and discuss our results. In Sec. IV we summarize the conclusions of this work.
II. COMPUTATIONAL METHODS
First-principles DFT calculations on the basis of the frozen-core projected augmented wave (PAW) method of Blöchl 23 are performed within the Vienna ab initio simulation package (VASP) 24 , where the exchange and correlation effects are described by the DFT within LDA and GGA 25, 26 . For the plane-wave set, a cutoff energy of 500 eV is used. The k -point meshes in the full wedge of the Brillouin zone (BZ) are sampled by 12×12×12 and 6×6×6 grids according to the Monkhorst-Pack 27 scheme for PCO, CPO, and PCO-CPO in their cubic and rhombohedral unit cells, respectively. The cubic perovskite structure are built for nonmagnetic (NM) and ferromagnetic (FM) calculations and the rhombohedral unit cells (Fig. 1) for G-type antiferromagnetic (AFM) configuration, which is ( 4 orbitals are explicitly included as valence electrons. The strong on-site Coulomb repulsion among the localized Cr 3d electrons is described by using the formalism formulated by Dudarev et al. 22 . In this scheme, the total LDA (GGA) energy functional is of the form
where ρ σ is the density matrix of d states with spin σ, while U and J are the spherically averaged screened Coulomb energy and the exchange energy, respectively. In this work, the Coulomb U is treated as one variable, while the parameter J is set to 0.5 eV. Since only the difference between U and J is meaningful in Dudarev's approach, therefore, we label them as one single parameter U for simplicity.
III. RESULTS
A. Atomic and electronic structure of PCO Both spin-unpolarized and spin-polarized calculations are performed for PCO. The dependences of the total energy (per formula unit at respective optimum geometries) on U for PCO in NM, FM, and AFM configurations within the LDA+U and GGA+U formalisms are shown in Fig. 2 . For all three configurations, the total energies calculated within the pure DFT (U =0) have no visible differences. After turning on the Hubbard U, the NM phase is not energetically favorable both in the LDA+U and GGA+U formalisms compared with FM and AFM phases. At U =0 eV, the total energy of AFM phase is lower than that of FM phase either in LDA+U scheme or GGA+U scheme. However, as shown in Fig.  2 , the total energy of the FM phase decreases to become lower than that of the AFM phase when increasing U. At a typical value of U =4 eV, the total-energy differences between FM and AFM (E FM −E AFM ) reach their minimums of −0.074 eV and −0.091 eV within the LDA+U and GGA+U formalisms, respectively. Note that we have also considered other types of AFM configurations and our results show that the G-AFM in ( reported the AFM ordering of the chromium moments at T N ∼245 K with a spin-reorientation at temperature range of 185 K to 62 K and their magnetic hysteresis loops for "PbCrO 3 " suggested weak ferromagnetism at low temperature. In this study, the theoretical equilibrium volume, bulk modulus B, and pressure derivative of the bulk modulus 3(b) ]. But the experimental lattice parameter and bulk modulus of phase II well lies in the range of our calculated results of PCO, which confirms their conclusion of cubic PCO perovskite 16 that the real Phase I might be a kind of mixture of random PCO-CPO combination. In next subsection, we will discuss carefully the structural and electronic properties of PCO-CPO.
As shown in Fig. 3 , the tendencies of a 0 , B, and spin moments of Cr ions for FM phase with U are similar to that of the AFM phase. Results of NM phase further indicates its unstable nature at low temperature. As shown in Fig. 3(a) , the pure LDA underestimates the lattice parameter with respect to the experimental value while the pure GGA coincides well with experiment. Our pure LDA and GGA results for NM phase accords well with previous first-principle calculations 16 . Result of pure LDA is due to its typical overbinding character. The LDA+U method will lead to relative larger equilibrium volume compared to the pure LDA and therefore improves the agreement with experiment, especially for FM and AFM phases. At a typical value U =4 eV, the LDA+U gives a 0 =3.822Å for AFM PCO which is very close to the experimental value. On the other hand, the GGA+U enlarges the underbinding effect with increasing Hubbard U. As a comparison, at U =4 eV, the GGA+U gives a 0 =3.921Å. As for the dependence of bulk modulus B on U shown in Fig. 3(b) , it is clear that the LDA results (230-153 GPa) are always higher than the GGA results (187-113 GPa), which is due to the above mentioned underbinding effect of the GGA approach. At a typical value U =4 eV, the LDA+U and GGA+U give B =198 (B ′ =4.6) and 148 GPa (B ′ =5.1) for AFM PCO, respectively. Obviously, result calculated within LDA+U with U =4 eV is consistent with the experimental value of B =187 GPa 16 . For the dependence of spin moments of Cr ions on U shown in Fig. 3(c) , we see clear increasing amplitude of magnetic moments with U for both FM and AFM phases. Our calculated value of 1.47 µ B using pure LDA for AFM phase is in good agreement with previous LMTO calculation value of 1.414 µ B 29 . At a typical value U =4 eV, the LDA+U and GGA+U give magnetic moments of 2.46 and 2.62 µ B for AFM PCO, respectively, both of which consist well with recent experimental value of 2.51 µ B 15 . Therefore, inclusion of on-site Coulomb energy for adequately describing the orbital magnetic moments is crucial. In study of CrO 2 , x-ray absorption and resonant photoemission spectroscopy support the importance of Coulomb correlations 30 . Huang et al. 30 concluded that the on-site Coulomb interaction energy of CrO 2 is 3-4 eV through comparing their experimental measurements and LDA+U calculations. They found that the shift of Cr 3d spin-up DOS slightly away from the Fermi level increases the Cr spin moment. In our present study, similar shift of Cr 3d DOS is also observed (see below). Overall, comparing with the experimental data, the accuracy of our atomic-structure prediction for AFM PCO is quite satisfactory by tuning the effective Hubbard parameter U in a range of 3-4 eV within the LDA+U approach, which supplies the safeguard for our following study of electronic structure and pressure behaviors of PCO. Figure 4 shows the total density of states (DOS) as well as the projected DOS for the Cr 3d and O 2p orbitals for AFM PCO and AFM PCO-CPO at four selective values of U within LDA+U formalism. Results of PCO indicate that the AFM PCO is metallic without accounting for or after switching on the on-site Coulomb repulsion. This fact conflicts with the experimental observations that the PCO is AFM semiconductor with 0.27 eV or 0.11 eV activation energy in different temperature ranges 9, 15 . However, in our calculations even increasing the amplitude of U up to 8 eV, the metallic state has not changed. The metallic ground states have also been observed for NM and FM phases. Besides, inclusion of the spin-orbit coupling (SOC) and noncollinearity also can not open a gap at the Fermi level. Thus, we only can conclude that the PCO is a conductor. Results of CPO and PCO-CPO also show that they are conduc- tors. Although a gap is opened with the Hubbard U =6 eV for PCO-CPO [see Fig. 4(b) ], the calculated insulating band gap (2.12 eV) is prominently larger than the experimental values 9, 15 . Therefore, we prefer to believe that the LDA+U with U =4 eV can give a correct depictions of the ground state electronic structures for PCO, CPO, and PCO-CPO. The atomic-structure prediction for PCO-CPO (see below) also support this point. Additionally, we note that the conductivity of SrCrO 3 and CaCrO 3 exists controversial [17] [18] [19] [20] [21] . Theoretical calculation for CaCrO 3 20 predicted metallic ground state with LDA and insulating state with LDA+U. For SrCrO 3 21 , the metallic ground sate was observed either with LDA or LDA+U. Besides, using LDA+U method with U =4 eV, Lee et al. 21 successfully predicted an orbital-ordering transition from t
No evidence of orbital ordering within the t 2g shell for CaCrO 3 was observed 19 . In our study of PCO, CPO, and PCO-CPO compounds, this kind of orbital ordering in Cr t 2g states has also been not found. From Fig. 4(a) , we find that the main occupation at the Fermi level is from Cr 3d and O 2p orbitals. Our results calculated at U =0 eV are consistent with the previous calculations 29 . A clear hybridization of Cr 3d and O 2p orbitals in the energy range from −7.3 to 0.3 eV can be observed at U =0 eV. After switching on the U to 4 eV, this hybridization energy range is moved to from −6.2 to 0.2 eV. A well resolved peak of Cr 3d state at around −0.3 eV at U =0 eV is flatted when the Habburd U parameter being increased to about 4 eV. In addition, a band gap in the conduction band is apparent under U =0 to 6 eV. And this band gap increases from 0.6 eV at U =0 eV to about 2.0 eV at U =4 eV. The main occupation in the conduction band is from Cr 3d orbital with some contribution from O 2p states.
B. Atomic and electronic structure of PCO-CPO
As for the study of PCO-CPO, we only present results from LDA+U calculations. Dependences of the total energies (per half formula unit), lattice parameter, bulk modulus, and spin moments of Cr1 and Cr2 ions on U for FM and AFM PCO-CPO are shown in Fig. 5 . Same with results of PCO, the NM phase of PCO-CPO (not shown) is also not energetically favorable after turning on the Hubbard U parameter compared with FM and AFM phases. Total energy of FM phase is lower than that of AFM phase in the whole range of U variation. At U =4 eV, E FM −E AFM reach its minimum of −0.146 eV. For the lattice parameter, our calculated values accord well with the experimental data of Phase I
16 , especially at U =4 eV. This calculation result explicitly illustrates that the experimental phase I for the cubic "PbCrO 3 " perovskite is a kind of mixture of random PCO and CPO. Our bonding nature analysis (see below) will show that the abnormally large volume of phase I is due to the long Pb−O bond length in the PbO 6/2 octahedron. However, as shown in Fig. 5(c) , our calculated bulk modulus values in the whole rang of U variation are all prominently larger than the experimental value (59 GPa 16 ) of phase I. This distinction possibly results from the lentamente transition of CPO to PCO under pressure in the initially prepared compounds "PbCrO 3 " in experiment from 0 GPa to about 1.6 GPa. At 1.6 GPa, the sudden change of the volume has tight relation with the transition rate of CPO to PCO. At U =4 eV, our calculated bulk modulus for FM (AFM) phase equals to 153 (144) GPa with pressure derivative of the bulk modulus B ′ =4.9 (5.7). For the magnetic structure study, our results in Fig. 5(d) indicate that the spin moments of Cr1 are in good agreement with experiments, while that of Cr2 are largely bigger than observations 9, 15 . This leads to a remanence for PCO-CPO, which accords well with the experimental observations of a remanence at low temperature with a coercive field of 300 Oe 15 .
For the electronic structure investigation, our results shown in Fig. 4(b) indicate that the main feature of PCO-CPO is similar to that of PCO. Compared with PCO, the hybridization energy range of Cr 3d and O 2p orbitals is narrowed in PCO-CPO compounds. At U =0 eV, the range is from −6.0 to 0.3 eV. And at U =4 eV, Wholly speaking, our present LDA+U calculations with U =4 eV can give a proper description of PCO and PCO-CPO. In following study, we will discuss carefully the pressure behaviors and bonding nature of AFM PCO, PCO-CPO, and/or CPO within LDA+U formalism with a constant U value of 4 eV.
C. Pressure behaviors
The equation of states of PCO-CPO and PCO in AFM phase as well as the experimental measured pressurevolume data from Ref. [ 16 ] are presented in Fig. 6 . Excellent agreement between our calculations and the experimental measurements can be seen. The relative smaller volumes calculated in our scheme compared with experiments originates from the typical overbinding character of LDA. From Fig. 6 , one can find that our calculated volume collapse at experimental phase transition pressure 1.6 GPa is about 12.4%, which is slightly larger than the measured value (9.8%) in recent experiments 16 . Overestimation of this value can be attribute to the experimental fact that the CPO to PCO transition has been compressed to occur under low pressure of around 0.1-1.6 GPa in the experimental compound "phase I". And this kind of partial transition leads to abnormal high compressibility of phase I compared with CaCrO 3 , SrCrO 3 , and high-pressure phase II of PbCrO 3 16,17 . Besides, we have also analyzed the magnetic behavior of Cr ions for AFM PCO-CPO and PCO under pressure. Results show that the spin moments of Cr for PCO and 
D. Bonding nature
To understand the chemical-bonding characters of PCO, CPO, and PCO-CPO compounds, we investigate the valence charge density distribution by plotting the line charge density distribution between Pb/Cr atoms and their nearest neighbor O atoms and plane charge density centered at the CrO 6/2 or PrO 6/2 octahedron (see Fig. 7 ) as well as by performing the Bader analysis 31, 32 (see Table I ). The Pb−O and Cr−O bond distances and correlated minimum values of charge density along the Pb−O and Cr−O bonds for PCO, CPO, and PCO-CPO compounds in the AFM state calculated within the LDA+U formalism with U =4 eV are also tabulated in Table I . Figure 7 (a) clearly shows that for these three ABO 3 compounds the A site almost has no bonding exhibitions with its nearest twelve O atoms while for B site transition metal the bonding strength is strong. This strong bonding nature of Cr−O bonds in CrO 6/2 octahedron for PCO and Pb−O bonds in PbO 6/2 octahedron for CPO can be clearly observed in Figs. 7(b) and 7(c), respectively. The strength of Pb−O bonds in PbO 6/2 is about 0.75 e/Å 3 (see Table I ), which is stronger than that of Cr−O bonds in CrO 6/2 (0.53 e/Å 3 ). We note that the covalent strength of Pb−O bonds in PbO 6/2 is slightly higher than 0. Pu) 33 and prominently higher than 0.05 e/Å 3 for Na−Cl bonds in typical ionic crystal NaCl 34 . Besides, we find that the lattice parameters of PCO and CPO are determined by their B−O bonds lengthes (see Table I ). The long lattice parameter of CPO is due to its long Pb−O bonds in PbO 6/2 . As for the PCO-CPO compound, this kind of B site effect is neutralized. Thus, we can conclude that the bonding nature of B−O bonds in ABO 3 compounds exhibit evident covalent character and the length of B−O bonds determine their lattice parameters.
On the other hand, the ionic nature of compounds can be analyzed through performing Bader analysis. In Bader analysis, each Bader volume contains a single charge density maximum, and is separated from other volumes by surfaces on which the charge density is a minimum normal to the surface. The charge (Q B ) enclosed within the Bader volume (V B ) is a good approximation to the total electronic charge of an atom. And the Bader analysis also can give out the minimum distance from each atom to the surface. We define this minimum distance as the ionic radius R B . In present study, we use four times finer charge density grids for the rhombohedral unit cells of PCO, CPO, and PCO-CPO in their AFM phase. The Shannon ionic radius R S 35 of Pb, Cr, and O ions in different surroundings are also presented for comparison. We find that the ionic radius R B (Pb) is comparable with the Shannon ionic radius R S (Pb). But the R B (Cr) is larger than R S (Cr) while the R B (O) is smaller than R S (O). Based on the data in Table I and considering the valence electron numbers of Pb, Cr, and O atoms (14, 6, and 6, respectively), we find that PCO, CPO, and PCO-CPO can be approximately expressed as Pb and 2.14 (1.25) electrons transfer from each Pb (Cr) to O atom for PCO and CPO, respectively. This kind of electron transferring study indicates that the ionicity shows decreasing trend with increasing fraction of CrO 6/2 octahedron within the PCO-CPO random compounds.
IV. CONCLUSIONS
In conclusion, the ground state properties as well as the high pressure behavior of PCO, CPO, and PCO-CPO compounds were studied by means of the first-principles DFT+U method. By choosing the Hubbard U parameter around 4 eV within the LDA+U approach, FM, and/or AFM ground states were achieved and our calculated lattice constants, bulk moduli, spin moments, and equation of states are in good agreement with recent experiments. These observations explicitly indicate the existence of strongly correlated electronic behaviors in these compounds. Our electronic spectrums illustrate a clear hybridization of Cr 3d and O 2p orbitals in the energy range from about −6.0 to 0.2 eV. In contrast to SrCrO 3 , the orbital-ordering transition from t has not been found in these materials. Through charge analysis, we found that these compounds exhibit evident covalent character and ionicity. The ionicity shows decreasing trend with increasing fraction of CrO 6/2 octahedron within the PCO-CPO equiproportional compounds. The large Pb-O bond length in the PbO 6/2 octahedron clearly indicates that the experimentally observed abnormally large volume and compressibility of the sample is due to the contain of CPO in the experimental sample and the transition of PbO 6/2 octahedron to CrO 6/2 upon compression.
